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Abstract 
 
We report measurements of disordered graphene probed by both a high electric field 
and a high magnetic field. By apply a high source-drain voltage Vsd, we are able to 
study the current-voltage relation I-Vsd of our device.With increasing Vsd, a crossover 
from the linear I-Vsd regime to the non-linear one, and eventually to 
activationless-hopping transport occurs. In the activationless-hopping regime, the 
importance of Coulomb interactions between charged carriers is demonstrated. 
Moreover, we show that delocalization of carriers which are strongly localized at low 
T and at small Vsd occurs with the presence of high electric field and perpendicular 
magnetic field.. 
 
 
 
 
 
 
 
 
I. Introduction 
Graphene, a mono-layer of carbon atoms bonded in a hexagonal lattice, is an ideal 
two-dimensional (2D) system1-3. Because of its excellent electrical1, mechanical4 and 
thermal properties5, graphene continues to attract much interest. The observations of 
fascinating effects such as the fractional quantum Hall effect6, 7 and ballistic 
conductance quantization8, 9 require graphene samples of ultra-high quality. Therefore 
a lot of efforts have been made so as to prepare high-quality graphene. On the other 
hand, there is a dearth of study of disordered graphene devices which are equally of 
fundamental importance as well as of potential applications. Moreover, it is important 
to understand the nature of disordered graphene so as to fully realize its potentials in 
device applications as well as to provide fundamental understanding of strong 
localization, hopping, de-phasing in the strongly localized regime, and transport under 
a high electric field which are not normally observable in pristine graphene samples. 
More importantly, it has been shown that disordered graphene such as chemically 
doped graphene10, 11 and graphene nanoribbon12, 13 can have a band gap which is of 
potential applications in nanoelectronics. Furthermore, graphitic oxide, a formed of 
disordered graphene-based material, can be used as a gate dielectric14 for experimental 
realization of graphene-based transistors. Therefore it is highly desirable to obtain a 
thorough understanding of the nature of disordered graphene. It is believed that with a 
sufficient amount of short-range disorder, the transport properties of graphene 
resemble those of conventional 2D systems due to strong intervalley mixing15-17. 
 
  In a highly disordered system, strong localization of carriers occurs and 
variable-range hopping (VRH) rather than diffusive motion would then dominate the 
transport18-20. In the limit of very low electric field E, the required energy for a hop 
between localized states is from phonon absorption. Therefore the conductance G ≡
I/Vsd is T-dependent and insensitive to the variation of the electric field, showing 
Ohmic behavior. In this regime, the VRH conductance increases exponentially with T 
as21-23 
 
G(T)= G0exp[-(T0/T)p],                      (1) 
 
with pre-factor G0 and characteristic temperature T0. The exponent p can be used to 
distinguish whether Coulomb interactions are important. In a 2D system, p = 1/3 and 
kT0 = 13.8/gFξ2 with a constant density of states (DOS) gF at the Fermi energy EF for 
Mott VRH while p = 1/2 and kT0= 6.2e2/4piεrε0ξ for Efro-Shklovskii (ES) VRH when 
Coulomb interactions lead to the vanishing of DOS at EF. Here k, e, εr, ε0, and ξ 
denote Boltzmann constant, electronic charge, dielectric constant, vacuum permittivity, 
and localization length. With increasing electric field E, the energy scale would be 
reduced by an amount of eErhop in the field direction and therefore the energy 
involved in the hopping process comes both from phonon absorption leading to the T 
dependence of G and electrical energy leading to the E dependence of G, where rhop 
represents the hopping length. In this regime, hopping conductance has the form24-28 
 
G(E, T) = G(0, T)exp(e(E–Ec1)L/kT),               (2) 
 
where G(0, T) is a pre-factor and L is a length parameter related to the hopping length 
according to hoprL ∝ [24, 25] or 2hoprL ∝ [31]. At high fields E>Ec2 ≡ kT/eξ [29, 32], 
the hopping conduction becomes activationless and the resulting current is expressed 
as27, 28, 29, 32, 33 
 
),)/(exp( 00 sEEII −=                       (3) 
 
which is T-independent. Here I0 is a pre-factor and E0 ~ kT0/eξ. “Activationless” 
means that the carries participating in the hopping transport acquire energy utterly 
from the electric field. The exponent s is generally believed to be equal to p but there 
exists some experimental evidence suggesting that s and p can be different33. In this 
report, both an electric and a magnetic field are utilized to probe the transport features 
of highly disordered graphene. With increasing electric field, a crossover from 
activation to activationless transport occurs. Moreover the ES VRH is shown to 
dominate the transport either in the phonon-assisted or electric-field-assisted hopping 
regime, indicative of the importance of Coulomb interactions between charged 
carriers in disordered graphene. Most interestingly, we find that both electric and 
magnetic fields can introduce delocalization effects in our system. 
 
II. Experimental details 
A single-layer graphene flake, mechanically exfoliated from natural graphite onto a 
highly doped Si substrate capped with a 300-nm-thick SiO2 layer, were used in our 
study. The detailed fabrication process can be found in Ref. [34]. In our device, 
disorder is introduced by exposing the graphene flake to hydrogen plasma. The 
experiments were performed in a He4 cryostat equipped with a superconducting 
magnet. Two-terminal current-voltage I-V dc measurements at various temperatures T 
and various magnetic fields B were performed.  
III. Results and discussion 
  Figure 1 (a) shows that the conductance G = dI/dVsd as a function of temperature T 
in the zero bias limit (-3 mV ≤Vsd≤ 3 mV) and at zero magnetic field can be well 
described by Eq. (1) with p = 1/2 when T ≥ 4.5 K, revealing that Coulomb interactions 
play a key role in our system. Moreover we can extract T0 ~ 69 K from the linear fit in 
Fig. 1 (a), which further justifies the validity of VRH scenario since T0 is larger than 
the measurement temperatures (1.5 K ≤T≤ 45.34 K) of our interest. However, at T 
below 4.5 K, clear deviation from E-S VRH is observed. As suggested in previous 
transport studies of inhomogeneous functionalized graphene such as reduced 
graphene oxide35 and hydrogenated graphene36 showing the formation of 
multi-quantum dots, a substantial reduction of G at low T shown in Fig. 1 (a) can be 
ascribed to the stochastic Coulomb blockade effect37, 38 which causes a suppression of 
current flow. An optical microscopy image of the measured sample in contrast is 
given in the inset of Fig. 1 (a). Figure 1 (b) shows good fits of the experimental G(V) 
= I/Vsd to Eq. (2) in the specific range of applied source-drain voltage Vsd or electric 
field E at various T ranging from 1.5 K to 3.5 K even though the differential 
conductance G(Vsd0, T) does not conform to the VRH law as a result of blockade 
effect. This result demonstrates that the applied electric field provides enough energy 
to carriers to overcome the Coulomb charging energy and the carriers can thereby hop 
between localized states. The corresponding results for 4.5 K <T< 10 K and for 10 K 
<T< 20 K are shown in Fig. 2 (a) and Fig. 2 (b), respectively. The I(Vsd) 
characteristics at various T are shown in the insets of Fig. 1 (b) and Fig. 2 (a). It can 
be found that the current is almost suppressed in the bias range of -17 mV ≤Vsd≤17 
mV at T = 1.5 K. We can observe clearly from Fig. 1 (b) that G becomes 
T-independent at high Vsd, characteristic of activationless hopping transport. In this 
regime, electric-field-assisted rather than phonon-assisted hopping dominates the 
transport. In the moderate bias regime where G(Vsd) is well described by Eq. (2), the 
energy involved in the hopping process comprises a contribution from phonon 
absorption and that from electric field. In the low bias regime, deviation from Eq. (2) 
occurs and becomes significant with increasing T as illustrated in Fig. 2 (a) and Fig. 2 
(b).This result is ascribed to the fact that the Ohmic behavior is gradually restored 
either with increasing T or decreasing Vsd. In this Ohmic regime, phonon-assisted 
hopping dominates the transport. Therefore we observe a crossover from 
phonon-assisted to electric-field assisted VRH with increasing Vsd. As shown in Fig. 2 
(c), the voltage Vc, at which the high-field deviation from Eq. (1) begins to occur, 
shows a T 0.85 ± 0.06 dependence, which is in agreement with the criterion Ec2≡kT/eξ 
above which activationless hopping is expected to set in. Activationless behavior does 
not reveal themselves for 10 K < T < 20 K due to enhanced Ec2 with increasing T as 
shown in Fig. 2 (b). From the slope of lnG-versus-Vsd dependence at various T, we 
can estimate the length parameter L of Eq. (1) as a function of T. Figure 2 (d) shows 
that xTL −∝  with the exponent x = 1.24, which is slightly larger than that predicted 
by existing theoretical models considering Coulomb interactions. According to 
Shklovskii model31, it is expected that 122 −− =∝∝ TTrL phop  with the exponent p = 
1/2 inferred from G(Vsd 0, T) in the Ohmic regime at B = 0 shown in Fig. 1 (a).  
However, in the model of Hill24 and Pollak and Riess25, 2/1−− =∝∝ TTrL phop  is 
predicted. 
 
  To obtain a thorough understanding of the transport features in our disordered 
graphene, we perform magneto-transport measurements at T = 1.5 K. Figure 3 shows 
I-Vsd characteristics at various B. The increasing magnitude of I with increasing B 
suggests that delocalization process occurs as B is applied. However, it occurs only at 
high enough Vsd. At low voltage bias, the conducting current is almost vanishing even 
in the presence of a magnetic field, which can be ascribed to stochastic Coulomb 
blockade effect. To clarify whether VRH scenario described by Eq. (3) is applicable in 
the activationless regime, lnW as a function of lnVsd at B = 0 and 8 T is plotted in the 
insets (a) and (b) of this figure, respectively, where sdVIW ∂∂≡ /)(ln . We note that lnW 
depends linearly on lnVsd, indicating that electric-field-assisted VRH is indeed the 
dominant mechanism for transport in this regime since under this situation 
1
0/)(ln −−=∂∂= ssdssd VsVVIW  with I given by Eq. (3) and characteristic V0 related to E0 
through a channel length l = 10.2 µm. From the slope of the linear fits in the insets of 
Fig. 3, the exponent s can be determined with high accuracy. At B = 0, s = 0.51 ± 0.02 
and similarly s = 0.49 ±0.01 for B = 8 T, which further confirms the importance of 
Coulomb interactions in our disordered graphene in addition to the suggestion given 
by T-dependent data at T≥ 4.5 K shown in figure 1 (a). Therefore we plot lnI against 
Vsd -1/2 in Fig. 4 and see that lnI increases linearly with decreasing Vsd -1/2 in the 
specific voltage range. From the slope of this linear relationship between lnI and 
Vsd-1/2, E0 in Eq. (3) is obtained and the localization length ξ can thereby be estimated 
using the relation E0 = V0/l ~ kT0/eξ = 6.2e/4piεrε0ξ2 with εr = 2.4 for graphene39, 40. 
Such results are presented in the inset of Fig. 4 showing that ξ increases with 
increasing B and demonstrate that the transport carriers are indeed delocalized in the 
presence of B. In strong localization regime, a perpendicular magnetic field can 
suppress destructive interference among forward scattering paths connecting two 
hopping sites and thereby results in delocalization of carriers41-43. 
 
 As shown in Fig. 4, we note that at high Vsd above 0.18 V in the absence of B the 
conducting current becomes higher than that predicted by Eq. (3) with s = 1/2 for ES 
VRH, suggesting that delocalization process occurs. Since an electric field can 
provide energy to carriers, electric-field-assisted delocalization is due to a 
semi-classical effect different from magnetic-field-driven one discussed above which 
is fully quantum in nature. With increasing B to 8 T, deviation from Eq. (3) starts at a 
lower value of Vsd ~ 0.1 V, which can be associated with the fact that ξ increases with 
increasing B shown in the inset of Fig. 4. With increasing ξ, the carriers acquire more 
energy from the electric field during each hop and hence deviation can occur at lower 
Vsd. One of possible mechanisms that can explain such deviation resorts to 
Poole-Frenkel effect44, 45,which argues that the hopping behavior under high electric 
field condition is strongly relevant to whether donor-like or acceptor-like states such 
as those induced by hydrogen impurities in our experiment exists and gives an 
exponential E dependence of current different from that described by Eq. (3). In 
addition, we cannot rule out the bandgap opening in our hydrogenated graphene as a 
possible explanation for the observed discrepancy between the experiment and theory 
at high voltage bias regime. Previous density functional theory calculations46-48 show 
that hydrogenated graphene can possess a direct bandgap of ~3.5 eV and 
semihydrogenatedgraphene have an indirect one of ~0.46 eV. Therefore VRH 
conduction can proceed through disorder-induced mid-gap states49-51. At high Vsd, the 
carriers can acquire enough energy to be excited into the propagating band 
(conduction or valence band)44, resulting in the breakdown of VRH model as 
observed in our experiment. To gain more insight into the conduction mechanism 
beyond activationless-hopping regime, further transport studies of doped graphene are 
required. We believe that our work presented here provides a comprehensive 
understanding of transport in highly disordered graphene, which is fundamentally 
essential to fulfill its potential in graphene-based electronic and optoelectronic 
devices. 
 
Conclusion 
In conclusion, we show that a tendency towards activationless hopping transport 
occurs with increasing source-drain voltage bias Vsd. At low Vsd, VRH transport 
cannot proceed due to blockade effect. At high Vsd, electric-field-assisted ES VRH 
dominates the transport, suggesting that Coulomb interactions between charged 
carriers play an important role in disordered graphene. Moreover we demonstrate that 
delocalization process occurs in the activationless-hopping regime as a sufficient 
magnetic field is applied. 
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Figure Captions 
 
Figure 1 (a) Logarithm of conductance G = I/Vsd as a function of T-1/2 in the interval 
1.5 K ≤ T ≤ 45.34 K. The solid line corresponds to a linear fit to Eq. (1) at T≥ 4.5 K. 
The inset shows the optical microscope image of the sample. (b) lnG as a function of 
voltage Vsd at various temperatures T ranging from 1.5 K to 3.5 K. The solid lines 
denote the linear dependence of ln(I/Vsd) on Vsd in the intermediate voltage regime. 
The inset shows the I(Vsd) measurements at various T. To highlight the suppression of 
current at low Vsd, the magnitude of I(Vsd) at T = 1.5 K is also plotted in the inset. 
 
Figure 2 (a) lnG as a function of V at T = 4.5 K, 5.5 K, 6.5 K, and 10 K. For clarity 
only data for I > 0 and Vsd> 0 are shown. The inset shows the I(Vsd) measurements at 
T = 4.5 K and 20 K. (b) lnG as a function of Vsd at various T. From top to bottom: T = 
20 K, 15 K, 12.5 K, and 10 K, respectively. For clarity only data for both I > 0 and Vsd 
> 0 are shown. (c) lnVc versus lnT and (d) lnL as a function of lnT. 
 
Figure 3 I(Vsd) measurements at various magnetic fields B. The insets (a) and (b) show 
lnW as a function of lnV for B = 0 and 8 T, respectively. Here 
1
0/)(ln −−=∂∂≡ ssdssd VsVVIW . 
 
Figure 4 (a) Logarithm of the measured current I as a function of Vsd-1/2 at B = 0, B = 4 
T, and B = 8 T for T = 1.5 K. The black solid lines denote the linear fits to Eq. (3) with 
s = 1/2. The inset shows the localization length ξ as a function of B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 1 (a) Lo et al. 
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Figure 1 (b) Lo et al. 
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Figure 2 (b) Lo et al. 
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Figure 2 (c) Lo et al. 
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Figure 2 (d) Lo et al. 
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Figure 4 Lo et al. 
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